&

'

(¢ i, P o

D

Vaan-t

TR

FAGHITY FYONM oox

D Y

— e

EMERSON ELECTRIC OF ST. LOUIS

ELECTRONICS AND SFPACE DIVISION

Né5-24846

ACCELH101 Nt

|

PAGES;

copgy
™ .
ASA CR OR TiX OR AD UMD e
] (CATLZoRY;

GPO PRICE §
- OTS PRICE(S) $

MSBER)
Gapy, T —————

— 7

- e
Hard copy {HC} ydid m

Microfiche (MF)

8100 florissant avenue, st. Iouis , no., 63136 colfax .

PASA-CR-£5815

Repori Number 1675
SRR T I TN SRS A A . O

“PERFORMAMCE EVALUATION OF .
"THERMO-LAG" MATERIAL FOR ENTRY
HEAT PROTECTION OF ADV:NCED
MANNED SPACECRAFT

FiINAL REPORT
October 1, 1962 - January 2}, 1964

SR A IR AL 2 K T R TR R ST R R eI

Volume One - Summary of Investigations

Prepared For

National Aeranautice and Spoce
Administration

- Monned Spacecraft Center

Houston 1, Texas -,




AERSON ELECTRIC OF ST LOUIS
ELECTRONICS AND SPACE DIVISION

8100 florissant avenue, st. louis 36, mo., coifax 7-1800

- - Report Number 1675

: , PERFCRMANCE EVALUATION OF
“THERMO-LAG™ MATERIAL FOR ENTRY
: HEAT PROTECTION OF ADVANCED

: M. ANNED SPACECRAFT

: FINAL REPORT
“"October 1, 1962_- January 31, 1964

- ' Volume One - Summary of Investigations

Prépared For

Notional Aeronautics and Spacs
Administration

Manned Spoczcraft Center
Houston 1, Texas

28 February 1964



1

Mo

a

¥es

. I-ﬁ-u.,f’ L

v T

1

£

. oo
. : . y L
t

(&

s

- During the course of this work, -a unique .nethod of determining the thermal-strucwmiral

INTRODUCTION -

in accordance with the requiremants of Contract Ne. NAS 9-877 negotiated by the
Natlonal Aeronautics and Space Administration, Manned Spacecraft Center, General
Research Procurement Office, Houston, Texas with The Emerson Electric Manufac-
turing Company of St. Louls, Missouri, for Performance Evaluation of "THERMO-
LAG!" Material for EEntry Heaat Protectlon of Advanced Manneu Spacecralt, this final
report Is submitted to document and summarize the results of the ent're centract work.
The report Is submitted In five (5} voiumes: Velume !, Summary of Investigations;
Volume I, Thermal Investigations, Volume lil, Structural Investlgations; Volume 1V,
Blister Investigations; and Velume V, IBM Manuai.

- Two forms of "THERMO-LAG! T-500 were evaluated. The T-500-4 designation

reférs tc spray-depositad material cured according to prescribed procedures, The deslg-
nation T-570-6 [s appolled to spray deposited material, reinforced with loose weave

glass cloth weighing 1.94 ounces per square yard Interfamirated during the spray
operations at Intervals of 0.050 Inches which has been vacuum bag molded and

cured according to prescribed procedures. . E

The report includes_-detalled descrlpﬂons of the Investigations performed and the
results obtalned pertlnent to the use of "THERMO-LAG!Y T-590 materlals for: the

" fabrication of manred entry vehicie heat shleid svstems. Investigations signlficant

from the standpoint-of thermal performance Include the determination of thermal pro- .
pertles, thermal-chemlcal characteristics, environmentali characteristics, and the

abiatlon characteristics of T-500 materlals as evaluated from the results of an exten-

sive program of alr arc plasma flight simulation tests. Baslc informatlon was derived
concerning the ablatlor. mechanism which was used for the development of a numerica¥l
computer program to predict tharmal barrler requlrements. 5

Structural Investigations origlnaily contracted Include the determinailon of materia!l
structural propertles ovar a range cof temperatures and the performance of a-simpll-
fled stress anaiysls of T-500 heat shleld systems applled over a honeycomb structure.
behavior of a heat shleld was developed (nvolving the simulation of the heat shield
continuum with a truss and shear web network. This report Includes a descriptlon
of the work periormed under contract extenslon to reflne and expand . the truss
anaiogy studles and to develop an IBM program for rapld problem soiution.

Investigations aro reported concerning "THERMQILAG! application methods, “mechan-~
lcal fastener development, and the use of the material as a fliler for jolnts and gaps.
Cylindrical PH 15-7 steel - heat shield assembiles were exposed to sovere, thermal’
cycling te asgess the adequacy of various attachment methods.”

The r'epor*t Includes recommendaﬂons for the performance enhancement, and further
development and testing of "THE.RMO—I_AG" material.



PHASE |

THERMAL F’ROPERTIEQ AND PERFOF?MANCE OoF "THERMO L&SH T..500
MATERIAL

CONTRACT: REQUIREMENTS

The Conrtractor‘ wiil conduct a test prograra upon "THZRMO-LAG! T-500 EX167
thermostatic subliming material to determine its thermal properties and performance
characteristics and its behavior in the space environment.

Conductivity, specific heat, emissivity, coefficient of expansion, of *THERMO-LAGH!
T-500 shall be determined as a function of temperature both when the material is in
the virgin state and in the charred state. [ suitable rmethocds can ke developed, pro-
perties shall also be determined in one »>r two inte ~mediate states. Rate and temp-
eratures of decomposition shall be determined by Thermogravimetric Analysis. Overall
heats of Jdecomposition shall be measured, and qualitative studies of decomposition shall
be deterimined by Differential Thermal Analysis. Gases pr'c.duc'ed shall be analyzed.
The effect of rate of char for‘matuon, char density, etc., on these properhes shall be
explo*ed

Thermal performance shali bé studied for environments: typical of Apollo class vehicles.
This performance shall be assessed by simulation of er ~y heating in an uncontaminated
plasma facility. A range of enthalpy, heating rate and oxygen content sihali be covered
for both steady state and transnent simulations. Comparative radiant iamp simulations
shall be conducred. ’ :

- Consideration shall be given to the effects of the space environment, ard vacuum ex-
" posure upon the subsequent performance of the ablation materials.

CONTRACT INVESTIGATIONS AND RESULTS -

Thermal Conductivity values were determined for "THERMO-LAG" T-500-4 and
T-500-6 in both ihe-virgin and charred states. Determinations were made over a
ternperature range of -150° to 400° ., in accordance with the ASTM C177-45
guarded holplate procedure., Abridged results are as follows:

Thermal Conductivity - Btu/Hr-Ft°F,

Test Temperature, °F. ~150° ) 77 | 250 400
T-500-4, Virgin 0.052 0.065| c.o80 | 0.064 0.102
T-500-4, Char 0.038 0.038| 0.038 | 0.037 ©.036
T-500-6&, Virgin 0.074 0.055| 0.060 | 0.070 |  0.064
“T-500-6, Char 0.043 0.042| 0.041| 0.039 | 0.038 )

Specific heats of virgin and charred "THERMO-LAG!" T-500 materials were deter-
mined over a-rarge of temperatures by a method of mixtures employing a Parr
~Adiabatic Caiorimeter and using toluence as the immersion fluid. The interpolated

" results were: - .

B e —



Mean Specific Heat, Btu/l_b °F.

Test Temperature, °F. -116 [ 0 ’ 100 ) 240 400
T-500-4, Virgin 0.23 0,26 0.36 0.37 0.60
T-500-4, Char 0.32 0.32 0.32 G.40 C.65
T-500-6, Virgin- 0.20 0.25 0.31 0.40 0.56
T-5C0-6, Char 0.27 0.26 0.34 0.37 0.41

DENSITY. .Uslng Method A of ASTM D792-50 and a Fisher-Young Gravitometer,
the densities of virgin " THERMO-LAG! T.-500 materials werc determined over a
range of temperatures with the following results:

Density, Lb/Ft3

HPest Temperature, °F | -100 0 77 250 400
T-500-4 67.0 | 52.5 | 52.0 | 59.5 58.0
T-500-6 6.5 | 62.5 | 62.0 | 60.0 59,5

EMISSIVITY. Total normal emissivity values for "THERMOILAG! T-500 materials
were~determined over a range of temperatures above, below, and at the sublimation
temperature, The” determinations were made, under sub-contract, by Washington
University using an apparatus, corsisting of an envirormental guard maintained at test
temnerafure, a reference black body heated to the appropmate temperature, and a
thermopile radiometer. :

Test data indicate the occurrance of marked emissivity changes during sublimation of

TTHERMO-L_AG! T-500 materiais. At temperatures ranging from circa 100 to
400° F. the emissivity of precharred "THERMO-LAG! T-500 :nateria! is approxi-
mately 0.23., Virgin materials prior to subiimation range in emissivity from 0.9 to
0.98. During sublimation, and at temperatures above ihe sublimation temperature
emissivity values decrease with "THERMO-LAGY" T-500-4 approaching 0.8 at
700°F. and "THERMO-L.AGH T-500-6 approaching 0.6 at 700°F. W.ith further

- tempe ature increase where oxidation effects are pronounced, emissivity values would- ——

be expected to increase.

LINEAR COEFFICIENT “CF THERMAI. EXPANSION, Determinations of thermal
expansion coefficients were made in accordance with ASTM D696-44 for both virgin
and charred "THERMO~LAG! T-500 materials at nominal test temperatures ranging '
from -140° to 315°F, These values are:

Linear Coefficient of Thérmal Expansion, ln/ln-°F

Nominal Test Temperature, °F -140 0 77 259 | 315
 T-500-4, Virgin 1.7%30-513.5xi0-5]2.6x10-5}12.7x10-5] 1.8x10~3
T-500-4, Char 10.9x10-5}1.4x10-3]1.8x10-5]1.4x10-3] 1.4x10-5
T-500-6, Virgin 1.8x10=7 3. 1x10-512,0x10-3[0. 7x10-5|0.6x 107
T.-500-6, Char . 10.7x10-5]1.2x10-8 1. ax10-¢ 1.7x10-5[0,9x10-3

THERMCGRAVIME TRIC ANALLYSIS, Rates and temperatures of decompositicn and
changes of state of the "THERMO-LAG! T-500 materials were determined by record-
ing sampie welghts during exposure to controiled temperatures increasing at a constant
rate. An apoaratus consisting essentiaily of a rate controllad oven and a Cahn electro..

-balance with associated programrers ard recorders was used. Weight versus temp-

erature histories at_three rates of ovein temperature increase show the highest rate of
weight loss 1o occur between oven temperatures of 450° and 550°F, No cignificunt



differ ences were observed betwzen "THERMO-LAG! T-500-4 and T-500-5,

DIFFERENTIAL THERMAL ANALYSIS. The thermal behavier of " THERMO-I_AGH
T-3500 :raterials under controlled temperature rise was studied by continuously record-
ing the difference in ternperature between a "THERMO-LAG!" T-500 specimen and a
thermally inert silica material during simuitaneous heating. A Deltatherm DTA appara-~
tus was used. Tests were conducted at three rates of temperature ncrease. For
both "THERMO-LAG"” T-500-6 and T-500-4, differential temperature defiections
indicated two definite endothermic phenomene to occur within the temperature range

200° to 1000°F., A minor endotherm occurring at approximateiy 426°F. is attributed:
to a crystalline rearrangement of the subliming inorganic salt. A second and major
endotherm indicative of the sublimation temperature of the " THERMO-L_AG!" T-500
materials begins at 545° to 560°F. The DTA apparatus was calibrated using Ag NOj3,
having a known heat of fusion of 16.2 cal/gm. Based on .4is calibraunon, the overali
heat of decomposilion of "THERMO-LAGY" T-500 material was calculated at 1559 .

Btu/

GCAS ANAL.YSIS., Gases prcduced from "THERMO-LAG!" T-500 materials during
ablation were subsequently analyzed using a Beckman GC-2A chromatograph equipped
with siiicone and molecular sieve cciumns. Although calibration oi the silicone column
was not attained for BF 3 and HF, the presence of which is predictable, appreximately
87 percent by vojume of the evcived gas was identified as follows:

.4 percent
8

H 5 - 45 percent N, ~ 0.8 percent CO - 6.6 percent CyHg -
percent

R
Oy~ 0.1 percent CHy - 17.6 percent COy,CoHy - 8.2 HS - 5.

THERMAL PERFORMANCE OF "THERMO-I_LAG" T-500 FOR ENVIRONN‘ENTS ’
TYPICAL OF APOLLO CLASS VEHICLES

AIR-ARC FLIGHT SIMULATION TESTS. Plasma jet tests of "THERMO-LAGH!
T-500 materials were conductad at stagnaticn point heat tHuxes ranging from 30 to

456 Btu/Fi2-Sec. . and at enthalples ranging from 2500 to 23,000 Btu/L b. Test
condition matrices and model configurations were designed to obtain, from each model,
material performance information reiative to thick, stagnation region heat shieids and -
thinner (0.1 inch maximum) aft body coatings. Data obiained from this extensive
,lest effort vwere analyzed to provide performance information directly applicable to

the design of an Apollo type veh! cle heat shield and to provide fundamentai definition ¢
of the "THERMG-L.AG" T-500 ablation mechanism sultable for the estaklishment of

a numerical ablation pr‘ogr‘am for computer* solution.

1. A transient ablation test series consisting of 45 plasma jet runs was
conducted at plasma stream conditions ranging from 3500 10 23,000
Biu/Lb total enthalpy -and corresponding cold wall stagnation point
heat fluxes ranging from 35 to 456 Btu/Ft2~Sec. Six conditions were
selected for the series. Multiple runs were made at each condition with
_varying exposure time. Following exposure, test models were sectioned
to permit measurement of virgin and char material recession at.the
stagnation point and at sidewall locationrs. Test measurements were
used to construct, for each siream condition, plots showing recessicn
hisiories,. mass loss rates, ard surface temperatures as functions of

. exposure time. - X
The test results and observed "THERMO-LAG! T-500 performance .
characteristics fell into two general categories: The first, typifled by
the transient history shown In Figure 1, includes test conditions in the
jower heat flux-enthalpy range where surface temperatures did not

O —
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~ebris Recession Rate {in,/sec,)

o

exceed 3100°R., Within this range of conditions, no change in rnodel
configuration was observed, recession histories were nronlinear, and

the thickness of the debris layar increased throughout the tes! duration.

At higrer heat-flux-enthalpy conditions, (110 Btu/Ft2-Sec., 10,000 Btu/Lb
and atove), the ablation behavior showed the effects of debris loss through
oxidation. Performance was characterized by a relatively short transient
phase of rapid debris layer growth to a maximum thickness foi owed by
ablation during which a nearly constant debris layer thickness vas
maintained. A transient history typical o! the second category ‘s shown

in FFigure 2.

Alr arc tests ol "THERMO-IL_AG" T-500 were performed tc ilvestigate

the effects on material performance of variations in the oxygen content of "
the high energy plasma strearmn. Sixteen tests were performed, at four .
stream conditions within the enthalpy -ange of 2500 to 15,000 Etu/Lb

and the corresponding stagnation heat flux range of 48 to 300 Btu/th—Sec.
Four tests were conducted at each stream condition at oxyger concentrations
of 0, 7, 15, and 21 percent 5y velume. At all conditions, model surface
temperatures ncreased with increased stream oxygen as did total material
recession, A correlation of debris recession rates is shown in Figure 3.
The data in{di‘:ate that the surface recession rate increases exponentially

to & surfacg temperature of about 4500°R at which poin* a diffusion procass .
becomes cgntrolling.
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3.

Air arc tests were performed to establish the relationship between

stagnation pressures and effective 3ross heat of cklation of the "THERMO-

LAGH! T-500 maierial., Tests were run at constant tctal enthalpies of
12,000, 17,500, and 25,000 Btu/Lb. Pressures were varied by a
factor of approximately four at each enthalpy. It was expected that the

pressure at the surface of the ablator would influenc. the heat transfer
rate, w=hemical reactions #st the ablator surface, oxyger diffusion to the
surface, aerodynamic shear, and chemical reactions \within the debris
layer, a&ll of which would affect the average coid wall ablator efficiency.
Test results indicated a gereral increase in average aross hea: of
ablation with increased stagnation pressure, for exai ple; at a consiam
boundary layer enthalpy difference of 10,500 Bitu/i_b., a 13 p=arcent
increase in gross effectivenass resulted from an increase in stagnation
pressure from 0.005 to 0.020 atmospt: res.

An evaluation of material performance response to varying total
enthalpy at constant heat {iux .was conducted to obtain a measure of
the energy transferred within the boundary layer and to deiermine
efiects on the debris layer. The test series was desighed to caver
a total enthalpy rarge of 2500 to 17,500 B3tu/L.b and heating rates of
50 to 300 Btu/Ft2-Sec. Test results showed material performance at
total enthelpies of 5000 Btu/Lb and less to be essentially independent
of boundary layer enthalpy difference. Also, the abserce of apparent
significant oxidatlon reactions permitted re-radiation of most of the
incident heat flux. Above 5000 Btu/L.b, the effective heat of ablation
was found to Increase with incireased total enthalpy.

In the course of the air arc test program, several different mcdel
geometries were utllized to achieve a range of heat flux while main-
taining constant siagnation pressure and tots: erthalpy. Mode! con-
figurations tested included 5/8 and 1 inch radius hemisphere-cylinders,
hemisphere-cones, and flat-faced cylinders. While evaluation of the
test results indicated the initial model shape to have an effect on
ablation performance, a complicating factcr was observed in many
cases where model shape varied during exposure. It can be generally
concluded from the results that, for total enthalpies of 10,000 Bitu/lL-b
and above, and for coumparable surface temperaivi-cs, debris thicknesses
were greater for modeis of larger diameter with associated greater
apparent efficiency.

Tests were performed with the environmental heat flux, enthalpy, and
low siream established as functichs of \ime to simulate, insofar as
permitted by the limitations of the test facility, the perfurmance rahge
required of a hzat shield material for protection of a supzrorbital
manned spacecraft during the eniry maneuver. The vest was desighed
to simulate the Apollo overshoct trajectory. Figure 4 shows the
trajectory calibration map in terms of stagnation enthalpy and time.
Data from the trajectory simulation test were coumparea with results of
IBM computer prediction runs as shown in Figure 5., Trajectory
simulation test results .igreed with - mputer predictions of debris

jlayer surface temperatures and iota; material recession within 10 percent,

An alr-arc test serles was performad to detar.alne the extent to whichk
a T-500 heat shieid, Interrupted by gaps of varlous dimenslons can
provide thermal protecilon to a subs.rate rraterial, 4 water-cooled
specinian holder was deslgnad and fabricated to remove about 200 Stu/
F—'tz—-Sec, at the stagnation line, The holder acc>mmodated two gap
test specimens, one with the gap parallel to stream flow and the other

ma—— -
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normal to stream flow, Gap dimensions were selected to be proportlonately
represertative of heat shleld discontiruities that might be expected at jolnts,
windows, and hatches. Subsirate tempeoeratures beneath the heat shleld

gap and beneath the heat shleld material 0,125 inch from the gap center
were messurad during exposure to stream condlilons havirg total

enthaiples of 10,000 and 17,500 Btu/lL_ b, Under the conditlons

Investigated gap tenperatures did not exceed 110 percent of protected
subst~ate temperaiire, with signlficant temperature dliferences occurring
oniy In the specimens having gaps normal to stream flow.

o VHURE p e s

AL

8. Air arc tests were conducled fo obtein experimental data bearing on the
Tl elfect of stagnation region abliation upon afierbody heat transfer and ablaticn
of "THERMC-LAG! T-500 material. Two dimensional test models of 3
types were designed having cylindrical leading edges of one inch radius ’
constructed of copper-, graphite, arnd "THERMC-LAG" T-500.
Provision vwas made o permlt Insertlon of Instrumented test coupons
aft of the leading edge. Test models were exposed to stagnation heating
rates of 36, 79.5, and i21.3 Btu/th-Sec and corresponding total stream
enthalhies oi 5000, 10,000, and i7,500 Btu/ib. Test measurements con-
" firmed the expected reduction in downslr-edm neat transfer and ablation
resuiting from upsiream mass injection. Downstream heat transfer rates
determined from models having "THERMO-L.AG!" l[eading edges were
25 to 45 percent less than the theoretical rate.
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INFRARED RADIATION TESTS

7.7+ - Twenty-five radistion-ablation iests of "THERMI-LAGY T-500 material were per-
formed at cold wall heat fluxes rarging from 5 to 30 Btu/Ft2-Sec. Cylindrical
TTHERMO-LAGY" T-500 models were fabricated instrumented with four thermo-
couples at varying and known depths in the inaterial. Measurements were made
fcr the purpose of establishing temperature-~time derivatives required to obtain’
1 «re.meters for use in the numerical ablation program.” Thesa parameters ‘were:,

+ NS R
B e R Lt T O e TUNES L TR

1, The specific energy of chemical r‘pactnon of gaseous ablation products
within the debris layer.

2. Heat capacity term for the caseous abla'non products,

3. Effective thermal conductivity of the debris.

e AR A A ald YA YT &
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The r‘esuli:? of the tests and'ana_lysis are shown in Figure 6,
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VACUUM EXPOSURE. Specimens of " THERMO-LAG!Y T4+500 material were
exposed to pressure in the range of 10‘4 Torr for extended times to determine
material welght loss at temperatures canging from 80° to 250°F, Oata from the
test series were analyzed and the following genera! conclusions were drawn:

1. The rate of welght 10ss decreases as vacuum exsosure tirne increases.

Z. The rate of weight loss Increases with Increased material temperature.

3. The rate of weight loss increases as initial specimen thickness increases
up to a limiting thickness at which point the rate becomes a function cf
time and terperature only, .

An analysis of the effect of material losses during a i4-day exposure to space
environment on the design weight of a superortital vehicle heat shieid was rm™ade.
To compensate for materiai losses, an Increase in heat shieid weight from 858
to 978 pounds would be required.

A, numerical analysis technique was used to assess the effect on material therme.
oerformance of selectlve subliming salt losses up to 20 percent. The analyticai
resulis indicate a 20 percent loss of salt to cause an 11.3 percent increase in
totai_material consumption and a three percent Increase in surface temperature
during 300-second exposure to a olasma stream typifled by a cold wall stagnation
point heat flux of 110 Btu/Ft2-Sec. and a total enthalpy of 15,052 Biu/Lb. ) .

Comparative air arc tests were. per’or‘med on identical test modeis. one of which
was stored at normal atmospheric conditicns tor 100 hours, the otier being heid
at 10-4 Torr and 250"!: No significant difference in performance was observed.
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PHASE

. MECHANICAL PROPERTIES OF "THERMO-LAG' T-500 MATERIAL

~ONTRACT REQUIREMENTS. Mechanical properties shall be obtained for both
Such properties as

shear and tensile strength, flexural strergin and stlifness and elastic moduii shall bs

rolded and sprayed versions of "THERMO-LAG!" material,

expiored for virgin, and partielly charred materiais.
diation on flexural strength shall be explored.

The eftect of ultra-violet ra-
The boost environmental effects shall

be studied by acoustic tests of "THERMO-LAG!" sorayec on honeycomb sandwich
support structure. In aii pertinent cases, these mechanical proparties shall be deter-
mined as functions of temperatures.

CONTRACT lNVESTIGRTlONS AND RESUL

TENSILE STRENG TH., Twelve tens'e tests were performed on each of the
"THERMO-LAG! materials, T-500- 4 spray deposited and T-500-6 glass reinforced -
~ and molded., Testis were performed In accordance with ASTM D759-48 at
Abridged mean resuits ot the lests are

- temperatures ranging from -1§
as follows:-

0 to 400° F.

T-509~

Test Temperature, °-'F'. '-153-- O-qi 75. | 400}-150 ot 75y 400‘

Ulftimate Tenslle Strength, psi# 600 ] 665 390 zb 1510 1190, ;'820 27
i'ln_mal Modulus, psl x i0-3 170} 132 | s0 o] 182 | 170 62 1

Elongation, F:“-ercea;yt 0.60{0.75 k.65 [3.20)0.75 1.00 1.05] 2.00

éHEAR STRENGTH. Punch type shear strength tests wermre periormed using the

ASTM ‘D732-46 procedure with "THERMO-ILLAG" T-500 test specimens of 0.25 inch
thickness. Mulliple tests weire performed over the temperaiure range of -150° to

250° F, The abridged mean

rosults are:

' i T-500-4 T-500-6
Test Temperature, °F, -150}- © 851 400 § -150 0 85 400
Shear Strength, psi 2450 22700> 700 }-250 | 23490 . ZOQO 980 250

"FLEXURAL STRENGTH.

Abridged mean resuits are as

‘"ﬁ-“m -

The f{lexural properties of "THERMO-LAG" T-500 were
determined in accordance with ASTM D790-61A using rectangular bars of material,
4.,0" x 0.25Y x 0,5",. Multiple tests were perfcrmed in the -150 to 400° F,

follows:

10
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T-500-4 ~-500-6
Test Temperature, °F. ~-150 0 901400 } -150 0 90 1400

Flexura! Strength, psi 20492400 | 12603240 3 3200}404032060 {400

A_TRA-VIOLET EXPOSURE. Fiexural strength specirens were exposed to ultra-
vilet radiation, wavelength 2537-3650 A°., for a perlod of 14 days following which time
room temperature flexural strength tests were performed. The test resuits indicate
ultra-violet exposure to have negliglble etfect on "THERMO-LAG" T-500 flexural
strength.

T-500-4 T-500-6
Test Temperature, °F, -150 0} 771400 ] -150 0 77 1400
Flexural Strength, psi == ] ==} 1246)] -- —_ ~=f2218 | =

FLLEXURAL STIFFNESS. The flexural stiifnzss of "THERMOLLAG! T-500 was
determined in accordance with ASTM D747-61 using equipment modified to permit
testing at elevated tempoeratures. Stiffness moduli were calculated from specimen
measurements, load and rotation determinations. Satisfactory agreement with tensile
moduli was obtained. Abridged resuits are as follows:

‘ T-500-4 - T-500-6
Test Ternperature, °F, - ~-150 0 731400% -150 0 73 {400
Stiffness Moduli, psi x 103 247 }20° LAG 3 257 | 215 771 18
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PHASE 111

THERMAL FERFORMANCE ANAL. YSIS

CONTRACT REQUIREMENTS. Methods of thermal performance analysis shall be
devetoped which, by applying the data obtained in Phase 1, will enable accurate
prediction of ablator performance in flight within the region of interest specified in
Appendix A for afterbody c.nsiderations.

A -routir shaill be prepared in Fortran for 7040 or 7090 operatic.: ¢ analyre the

- system In ~ne dimension. This shall provide for: Input of convective and izdiative
flux; ~zco\ -,y enthalpy, pressure, and state of boundary layer; blocking of ccnvective
. flux by 'ranspiring gases, and of convection by hot wall effects; oxidation and 2rosion
of surface as a functlon of surface iemperature, with allowance for ditfusion of oxygen
through the boundary layer in the presence of transpiring gases; heat released by
chemical reactions at the surface; reflection and reradiation at the surface; heat con-
duction through the carhonaceous  material, and through the dobris layer, and virgin
subliming material; chernical kinetics in the subliming material and the heat of
decomposition; conduction through the bond line and the backup structure. '

CONTRACT INVESTIGATIONS AND RESUL. TS. In accordance with the require-
ments of NASA Contract NAS 9-877, Emerson has devéloped a computer program
for the prediction of ablative material performance in a thermal environmeint
characteristic of that defined for the APOLLO Command Module. -

The total program, while specifically prepared for a one-dirmensional sukbliming awiator
model, has meintaino.d a generality throughout by establishing all data such as radiant
and convective heat flux, film coefficient, etc., as inputs to the combnuter. Any )
arbitrary number of computing points within the material and any corobination of material
properticz may be considered. The program may be utilized to analyze material
performance in rocket nozzles, combustion chambers, aerodyramic heating regions
radiant heating environments, and in solid-state heat conduction problems, The program
may be used to compute the performance of charring (debris for'mmg\ and non-charring
ab'ation materials, solid-state heat storage heat shields, and radiation cooled structures.
The program is sufflclently general to allow the use of schemes such as impticit,
explicit, or Crank-Nichoison numerical approximations by the designation of proper
input parameters. Inputs to the program are convective and radiative heat fluxes,

local enthalpy, pressure, state of the boundary layer, and thermodynamic properties

of the heat shield material and substrate raterial, and the physical dimensicns of the
problem. -

‘The\ program will predict material performance In terms of:

Virgin material recession (thickness history)

Debris recession

Tot>! mass loss rate

Surface temperature

. Backside temperature

. Temperature at any prescribed point In the debms layer, virgin
material, or substrate material

"

DU EWN -

The program accounts for the following heat and mass transier mecham sms with fluid
boundary Iayer- charszeristics:

t. Sublimatiun of Inorganic subllmlng'compound
2. Transport of volatilized yaces through® porous debris matrix



Dissociation of sublimatie gases in the porous ratrix

Effect of mass injection into the boundary layer upor. convective heating
Surface chemical kinetics due to oxidation

. Radiant heat flux away from the depris surface

Corduction through the bond line and subsitrate

N O W

A program manual was prepared inciuding detalied discusslons of problem formulatlon,
numerlzal techniques employed, Input and output format, program stops, operating
Inciructions, statemant of the program In Fortran, and a glossary, .

A heal conduclion problem, & transient {light simulation ablation prcb-!em, and sevenal
steady state ablation problems were -run to verify the program. Verliication was

accomplished by reproducing the test data with experimentally determined thermodynamic
parameters.
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PHASE iV
TATTACHMENT DEVEL OPMENT

CONTRACT REQUIREMENTS. Techniques for bonding molded "THERMO-LAG!
zhall be developed and demonstrated by shear and tensile tests throughout the working
range. Since a sub-structure capable of withstanding high temperatures is desirable
as a backup, bonding technigques must be applicable to stalnless or super-alloy
materiais.

Mechanical attachments with both metal and "THERMO-L AG! attachment members
shall aiso be developed and tested in tension and shear, -

The effects of the boost environment! shall be studied by acoﬁstic tests of molded
paneis of "THERMO-LAG" bonded and mechanically attached to honeycemb sand-
wich structure. '

The effects of thermai cycling from -150°F to 259°F shall be determined for the
various attachment techniques. . ) -

INVESTIGATIONS AND RESUL TS

SURFACE TREATMENT. A study of thirteen general categories of surface treat..
ments for the preparation of PH 15-7 Mo steel was conducted for the selection of the
procedure providing superior bond strength of spray deposited "THERMO-LAG"
T-500-4 to the basis metal. Based on comparative pbord tension and bond shear
test resulls, conducted over the temperature range of interest, a sulfuric acid re-

. vorse etch technique was selected. The bond strengi values of spray-applied

T-500-4 to sulfuric acld reverse eich treated PH 15-7 Mo steel are as follows: -

| Test Temperaturs, °F 250 ol .80 } 300
Bond Shear Strength, psi 470 470 5&0 495
Bond Tenslle Strength,_psi 40 550 1420 250

SECONDARY ADHESIVES. Twenty-one adhesives of the sillcone, urethane,
phenolic, or epoxy types were evaluated for selection of the superior material for
bonding "THERMO-L.AG!" T-500-6 to PH 15.7 Mo steel surfaces. The superior
four metal surface treatment procedures used in the preceding study were tested with
each candidale adhesive. Based upon bond shear and bond tensile strength tests
over the temperature range of -250 to 300°F,, a phenolic adhesive, HT-424,
proved superior for secondary bonding applicatlons. The adhesive material provides
the following bond sitrengths to HSO, reverse eiched PH 15-~7 Mo,

Test Temperature. °F, =250 o 1 1z 200
ond fihear Stirength, psi 471 384 339 76
Bond Tenslle Sirength, psi 56 441 191 27

MECHANICAI. FASTENERS. A mechanical fastene~ consisting of boih " THERMO-
LAGH and metal camponents was developed and tested as a-means of attaching
HTHERMODLLAG " T-500-6 panels io a velhicle structure without destroying the . -
integrity of the heat shield. The fastener corsists of a T-500 stud assembly con-

‘taining an aluminum insert in the shank portion. A 360 degree radial spring sur~

rounds the -stud transmitling the differential, therma! load into the plate-nut pottion of
the faslener. This portion of the fastener is attached to the substructure by screws
or rivets distributing the sihear, torsion or overturning moments into the baslc outer
stri:cture. . An aluminum stud and retainer assembly secured to the internal end of

14,



the plate rut housing permits the "THERMO-L.AGH stud te be secured. A nyinck
zert preveniz loosening of the stud assembly. An exploded vievs of the lastener i«
shown in Fligure 7, Fastlener assemblies were subjected to shear and tensiie tests
at various temperatures to determine failure loads. Average test resulis are:

Test Temperature, °F., ~15C 73 200 300
Ultimate Tensile Lcad, Ibs.” 336 281 107 126
Uiltimate Shear L.oad, Ibs. . 275 135 115 115

VIBRATION. Test parels were prepared for vibraticn lesting consisting of a 3/8 inch
honeycemb sandwich substruciure to which "THERMO.L AG!" was applied by means of
spray deposition, secondary bonding, and mechanical attachment. The direct spray
and the secondary bonded paneis are 2 feet square having 0.2C inch of T-500 materiai
applied. Two 1! x 1! paneils were prepared, each having four mechanical fastersrs
securing 0.4-inch thick T-500-in one case and 1.0 inch T-500 in the other. The
panels were submitted 10 NASA, MSC, Houston, Texas for acoustic or mechanical

vibration westing.

Tesis were conducted to assess the effect of thermal cycling between -150 and 250°F.
" upon assemblies consisting of 10 inch diameter PH 15-7 Mo cylinders to which
TTHERMO-LLAG" had been applied by the three attachment methods.

18
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PHASE V -
STRUCTURAL SCHEMES AND ANALYSIS

CONTRACT REQUIREMENTS. Consideration shaill be given to schemes which
could be used In the application of "THERMO-~-L_AG! material to a spacecraft heat
protection system, Specifically, the following problem areas should be studied

and solutlons suggested: jJoint, gap and edge flllers and sealing, hatch and window
Jolning, fleid repair and maintenance and prelliminary design criteria,

A simplifiled stress analysis shall be conducted using the thermoelasiic properiles of
FPhases | and Il and assuming one d'mensional heat flow.

CONTRACT INVESTIGATICNS AND RESULTS

STRUCTURAL SCHEMES., Investigations were performed as required to define
the process of applylng "THERMO-L.AG" T-500 to a structure by means of spray
depositlon. The foliowing process elements were defined:

1. Spray Equipment

2. Spraying Schedules ’
3. Surface Preparation
4, Curing Cycle

The Importance of precise adherence to recommended procedures was emphasized by
- the findings of an Investigation of an occurrence of blistering during arc jet exposure
of several test models. The cause of the malperforms&ance was traced to the form-
ation of Inorganic sait stratification during spray application using a non-=recirculating
spray apparatus.

JOINT, GAP, AND EDGE FILLER, FIELD MAINTENANCE. "THERMO-LAGY
T-500 of a putty or dough consistency formulated by a reduction of volatile diiuent con-
tent was in\{estlgated for use as a jeint and gap filler and for field repair. A technique
for establishing the degree of cure was decveloped based on extraciion of unpolyvmerizec,
solids. This technique was employed to assess the effectiveness of various means of
curing the filler material. A number of chemica! accelerators and combinations ol
accelerators were tested and were found not to provide the desired degree of cure.
Conductive application of heat from a graphite heating element encapsulated in the

filler material was found ineffective. A satisfactory degree of cure of filler maierial
was obtained by application of radiant flux from an infrared source. Conditions of
exposure were investigated and established for various filler material thicknesses.

STRUCTURAL ANALYSIS. Heat shicids applied to a honeycornb sandwich struc-
ture were analyzed under thermal loading conditions typical of Apollo mission phases.
Thermally induced loading, resulting from the very low temperatures encountered
during the space transit phase, imposes the most severe demand upon the adequacy
of the heai shield-substructure assembly; hence, analytical effort was concentrated on
this mission phase.

Anailytical methods were derived for calculating slab stresses in flat, cylindrical, and
spherical panels consisting oi "THERMO-L.AG! bonded to or spray deposited on a
honeycomb substrate. The slab stress equations are applicabie at pnints reasonably
removed from free edges and were developed for panels free of external restraints.
.One dimensional heat flow was assumed. Stresses as functions of Poisson!'s ratio,




mcdulus of elasticity, coeffic’ent of thermal expansion, and the ‘smperature .hange
from the stress free state tu the temperature of interest were calculaled using the
field equations of elasticity. All guantities are functions of distance from the ‘sub-
structure-"THERMO-L_AG!" interface. The effects of inertia and thermoeiastic
dissipation were not considered in the analyses in order that uncoupled quasi-static
theory could he utiltzed,

Study results indicate that, within the Iimitations of the analysis, NTHERMO-LAG"
T.500-6 is clearly superior to "THERMO-LAG!" T .500-4. A maximum stress level
of 1105 psi was calculated for the -6 material and 1170 psi for the -4 material, The
stresses were computed for a large unrestrained panel consisting of a 0.75 inch thick
heat shield bonded to a 2.90 inch thick honeycomb substruciure subjected to a linear
temperature chance.

During the course of work eoriginally contracted under NAS 9-877, a unique method of
determining the thermal-.structural behavior of a heat shield was developed. This
method involves idealizing the heat shield as a iruss retwork and has the advantages
of theoretical simplicity and applicability o a variety oi thermal-structural problems.

in order to provide the NASA with comprehensive thermal-structural criteria, with
particular regard to heat shield interface stresses at free edges, a contract exiansion
was granted to refine and expand the truss analogy studies and to develop a program
for rapid rnumerical computer problem solution,

The extended study inciuded: (1) an investigation of the relative effects of modulus,
Poisson's ratio, heat shield and bond thickness, and radil of curvature on interface

thermal stress for a semi-inifinite panel bonded to a rigid substruciure; {2) an
analysis of the effects of thermal aradients, including the material proparty variations
with temperature, on interface stresses; (3) study of the effects of deformation of

a ‘lexible substructure or, heat shield thermal stresses; (4) Investigation of interface
bohd thermal stresses using energy analyses of an elastic body and comparison’ of
the truss network solution to a known classical solution; (5} experimental corrobor-
ation of the analytical results; and (6) an analysis to determine the extent to which
the viscoelastic behavior of "THERMO-L AGY T-500 material should be considered.

The results of the extended analyses are as follows:
1. COMPUTER PROGRAM RESUILTS

(Task 1) A curved panel with an R/y of 3-1/3 had a 23% higher peak
peeling stress and a 50% greater peak shear stress than a flat panel for
a similar type problem.

The maximum ratio of peak Interface peeling stress to slab stress for a
flat panel was 1.53. Poisson's ratio was 0.25 for this case. '

‘The maximum ratio nf peak interface shear stress to slab stress fer a
tlat panel was 1.20, Poissonls »2tic was 0,50 for this case.

For the case of plane stiress, the effuct of Poisson's ratio on interface
stresses is not pronounced.

(Task 3) A hnear temperature variatlon through the heat shield reduced
the peak inisrface peeling siress by 44 percent and the peak interface
shear siress by 62 percent from that calculated for a uniform temperature.
Interface siresses decreased with decreasing severity of the' temperature
gradient. .
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(Task 4) The effect of a flexible honeycomb substructure on interface
thermal stresses was investigated. Again, curved panels axhibited
higher peak stresses than did flat panels.

Stress ratios increased as the thickness of the substructure was increased
in all cases., However, a limiting value was reached of 81 percent of the
peak stress for a rigld base, This occurred for a particular face plate
thickness. It would be necessary to increase the face plate thickness in
additicn to the substructure thickrness to achieve an interface stress com-
parable 10 that for a rigid base.

SUBSTANTIATION OF TRUSS NETWORK

(Task 6) Energy soiutions: Complementary and potential energy methods
were uilllzed to substantlate the truss network method,

The results from a potential energy solution produced about 20% grester
displacements than results from the iruss network solution to an identical
problem. The difference was attributed to the large grid size of the
truss network which introduced constraints which restricted the displace-
ments. This differencce would be lessened with reduced grid size.

The complemontary eneryy method was employed to verify interfac»

stresces as calculated by the truss network method. At tihe forwai A

face, the form of the stress function used in the complementary energy
method Imposes a value of zero s'ear stress regardless of applied

lcading. Using the truss networxk method, a 9000 psi shear stress at the
forwen~d face was indicated for an applied stress of 4860 psi. At distances
removed from the forward face in excess of the heat shield thicl.ness, stress
disiributions computed by the two methods we =2 in close agreement.

A stress concentration factor for a plate subjected to uniform tension having
a small circular hole, the diameter of which was equal to four times the
grid s.ze, was determined by the truss network metod., The resuits
were compared to a classical solution oblained from standard equations of
elasticity. The truss network result was 15 percent less than the "exact!
analyiical solutlon. With reduction of the grid size, the error would be
minimized.

(Tazk 7) A photoelastic study was cnnducted for the experimental deter-
mination o! interface stress distributions. The results were compared with
truss network soluticns to similar problems. Indicated interface peeling
stresses were in fair agreement along the interface with the peak stress
about 20 percent less than that calculated by the truss network me’hod.
Shear stresses again differed considerably at the forward face but showed
reascnable agireement along the remainder of the interface.

INVESTIGATION OF RATE AND TIMz EFFECTS

(Task 8) At elevated temperatures, thermally irduced compressive
stresses in "THERMO-LAG' T-500 materials calculated by viscoelastic
methods were signiticantly higher than those calculated by elastic methcds.
Relatively minor differerces were fcund in the low temperature range with
the elastically calcuiated stresses being somewhat higher. The study
results support the conclusion that the extent of the effects of viscous
behavior on structural properties should be determined for any candidate
heat shield material,
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PHASEZ VI
FABRICATION OF TEST ARTICLES

COMTRACT REQUIREMENTS. In addition to the fabrication of specir 2ns for \he
iesting required in the foregoing phases, at least three test panels 12 inches x 12 irches
or iarger, shall be made with "THERMO~L AG " material on a honeycomb substructura.

Drawings and prelirainary specifications for these panels shall be supplied. Up to two
of these panels shall be tesied in a radiant lamp or torch facility.

CONTRACT !NVéSTiGATlONS AND RESULTS. Test specimens and models
were {abricated irom HTHERMO-LAG" T-500-4 and 1-500-6 jor all phases oi the
evaluation program. Model and specimer: types inciude:

Tab End Tensile Flexural Strength Plasma Jet
Stendard Tensile Fiexural Stilfness Emittance

Punch Shear Thermal Conduciivity Thermal Expansion
Specific Heat Vibration Vacuum Test
Dersity . . JANAF Tenslle Mechanical Fastener

infrared Radiation

20
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PHASE wvii
RECOMMENDATIONS

CONTRACT REQUIREMENTS, The contractor shali, in the final report, make
recommendations to NASA for the performance enhancement, and further develop-
ment and testing of " THERMO-LAG!" material.

RECCMMENDATIONS. It is recommended that a program be performed to provide
a thermal barrier material of the basic "THERMO-LAG!" T-500 composition incor-
porating adjustments in material properties, particularly those aifecting structural
integrity of the heat shield and Its abllity to withstand the effects of the Apolio orbiting
environment. Further, the denslty of the material should be adjusted to 25 to 35
pounds per cublc foot to permit a reduction in the estimated weight of the Apolio

heat shieid,

Pre-proposul studles of structural and thermodynamic materlal property ellowables
have been performed using analyses developed or reflned under the completed con-
treci, The comparison of structural end thermal propertles shown in Table 1
presents the results of those studies,

STRUCTURAL CONSIDERATIONS., Assurance of heat shield integrity during
exposure to the Apollo mission environmentai sequence particularly requires a
thermal barrier matarial capable of withstanding, without failure and with an
acceptable factor of safety, repeated temperature cyciing between minus 250 and
250 degrees F. Recommended material property adjustments will provide the
required assurance through a reduction in the coefficlent ol thermal expansion,
improvement of duclility or "efongation capabillty, or compensatory trade-cffs
between the two properties. Basic mechanical properties such as tensile strength,
bond strength, etc., will remain the same as in the present "THERMO.LAG"Y
T-500., A comparison of present and recommended target property values is
shown In Table 1,

THERMODYNAMIC CONSIDEFRATIONS. Desirable properties -established as
recommended target values based on aerothermodynamic considerations are also
shown in Table 1 The reduction in density to a value of 25 to 35 pounds per
cubic foot Is the essential change recommencied.

ENVIRONMENTAL CONSIDERATIONS, Tests performed under the completed
coniract have shown "THERMO-LAG" T-500 to be subject tc weight losses during
exposure to space vacuum and temparature, It Is recommended that studles be
performed for the reductlon of material weight loss In vacuum by a target value

of fifty percent,

Proposaj studies of structural and thermodynamic material property allowables have
been performed using analyses developed or refined under the completed contract.
The comparison of structural and thermal properiies shown inh Table 1 presents
the results of thos studies In relation to the requirements of the Apollo mission.
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